Abstract-In the commented paper, 1 a gain-proration technique is introduced to correct the interstage gain error that occurs when multiple stages of a multistep analog-to-digital converter are calibrated. In this brief, however, it is shown that correction of this interstage gain error is unnecessary for multistage analog-to-digital converter self-calibration.
I. INTRODUCTION
Single-stage digital-domain self-calibration of multistep analog-todigital (A/D) converters was introduced in the above paper. 1 In this approach, the errors in the first stage are measured by the successive stages to obtain digital correction terms. This way, the nonlinearity that is caused by circuit imperfections in the first stage is eliminated. It was also shown that this method causes an input-referred gain error. 1 When two stages need calibration, the second stage first has to be calibrated. In this case, the calibration of the second stage causes an interstage gain error. In the commented paper, 1 it is claimed that this interstage gain error has to be corrected. In order to do so, the authors introduce a gain-proration technique. In this brief, it is shown that correction of the interstage gain error and, therefore, also interstage gain proration are not required for multistage self-calibration.
II. SINGLE-STAGE SELF-CALIBRATION

A. Multistep A/D Conversion
A diagram of a general multistage A/D converter is represented in Fig. 1 . It consists of a number of stages that are put one behind another. To discuss the single-stage calibration algorithm, we will now consider the first stage in detail. Based on its input-voltage Vin; the comparators determine the value of the local code c: Then the digital-to-analog converter (DAC) generates a low-resolution approximation of the input-voltage V in based on the value of the local code c: This DAC output voltage is denoted V 
This relationship is represented on Fig. 2(a) . Alternatively, we also have
A/D conversion can be considered an attempt to construct a digital approximation of the input voltage V in : The above equation can be used for this [3] . Indeed, the value of the residue voltage is determined by the second and later stages that we put in a black box. Evidently, the content of this black box is a multistage A/D converter with an analog input V res and a digital output. Now we consider this "black box" A/D converter as a measurement instrument with a limited accuracy, which we will describe by an additive error " (Fig. 1) 
Here, the error term " is caused by the inaccuracy on the measurement of V res by the black box. When comparing this to (2), we note that this conversion result equals A 1;nom V in in the ideal case where both A1 and V DAC are perfectly matched. This input-ouput relationship D(V in ) for the uncalibrated converter is represented in Fig. 2 
B. Self-Calibration Measurements
For a calibrated converter, correction terms are measured during an initial self-calibration cycle. These correction terms should be such that the jumps in the converter's input-output relationship It is clear that these (c) can now be used to obtain a linearized A/D converter transfer curve. This is done by adding correction terms that eliminate the effect of the voltage drops at the first stage code transition (Fig. 2(b) ]. These correction terms CORR(c) can be It is clear that this equation also holds for c = 0; although we had arbitrarily chosen that CORR(0) is zero. The term " 2 represents the cumulated effect of the measurement errors on the 1(c):
Now the operation of the calibrated converter during the normal operation goes as follows. First, the local code c is determined. Then, the corresponding correction term CORR(c) is taken from memory. 1) The self-calibration introduces a gain error of A 1 =A 1;nom :
2) The resulting nonlinearity error is caused only by the errors in the second and later stages. When referred to the input, this error is divided by the first stage gain.
III. MULTISTAGE CALIBRATION WITHOUT GAIN PROBATION
In the previous section, it was explained that a gain error A 1 =A 1;nom is introduced by single-stage calibration. When two stages have to be calibrated, the second stage is calibrated first. In this case, an interstage gain error occurs. In [1] , the authors claim that correction of this interstage gain error is required for multistage calibration of pipelined A/D converters. Algorithms for multistage calibration were already presented in [2] and [3] . In this section, it is shown that such a multistage calibration can simply be done by a straightforward successive application of the single-stage calibration that was discussed in the previous section. While a formal analysis is given in the Appendix, the following system-level considerations will make the point clear. Let us start with the system of Fig. 3(a) . It consists of a first stage followed by an accurate measurement instrument with an additive error e: However, this measurement instrument has a gain error : It is clear that this system diagram can be used to describe an A/D converter with a calibrated second stage. In this case, we know from the previous section that the gain error would be A 2 =A 2;nom and the additive error e would be ("=A 2 ):
Let us now consider the system of Fig. 3(b) . It consists of a first stage with a nominal gain A 1;nom and an actual gain A 1 : The output of this first stage is measured with an accurate measurement instrument without gain error and an additive error e: It is obvious that this system is completely equivalent with the one of Fig. 3(a) . By comparison with Fig. 1 , it is clear as well that the first-stage calibration algorithm of the previous section can be applied to this system and will result in a linear input-output relationship with a gain error of A 1 =A 1;nom and an additive nonlinearity error of approximately e=A1: Since the system of Fig. 3(a) is equivalent, the same conclusion can be made for that system. Recalling that e = "=A 2 Summarizing this, we see that the interstage gain error cannot be distinguished from a first-stage gain error. It is well known that a first-stage gain error does not cause nonlinearity when using the single-stage self-calibration algorithm.
1 Therefore, the interstage gain error also does not cause nonlinearity.
It is clear that this analysis is valid for calibration of more than two stages as well. So, we can conclude that the interstage gain error results in an input-referred gain error, which does not affect the linearity. Therefore, correction of the interstage gain is not required for the calibration of more than one stage of a multistage A/D converter.
IV. COMPUTER SIMULATIONS
In the previous discussion, some elements were kept at an abstract level. First, the error-contribution of the remaining stages was modeled as an additive error (3). In a practical realization, this error is a complex combination of quantization effects and imperfections of the specific circuit implementation. Second, we have not made a detailed analysis of the accumulation of the errors on the measurements of the correction terms [(7) and (9)].
From the theoretical analysis, it is clear that these second-order effects limit the performance of the overall calibrated A/D converter [(13)]. Evidently, this can be different for the case with and without gain proration, so gain proration may still be useful in some situations.
Clarification of this can easily be done by computer simulations once the precise circuit topology is known. Several computer simulation results of self-calibrated multistep A/D converters have already been published. (e.g., in [3] for multistage calibration without gain proration, and in [1] for two-stage calibration with interstage gain proration.) However, any comparison is difficult, due to differences in the simulated circuits and mismatch models.
Therefore, we have implemented a behavioral model of a typical pipelined A/D converter. This way, we can compare two-stage calibration with and without interstage gain proration for identical circuits. Just as in [1] , we have used a pipelined A/D converter with five stages. Each stage is based on a fully differential switched capacitor multiplying DAC circuit with a nominal gain of eight. The capacitor array is built up from eight unit capacitors. The capacitor mismatch for each unit capacitor has a normal distribution with an root mean square value of 0.4%. Unlike in [1] , we have also incorporated a finite opamp gain in the model, because this corresponds to a more realistic situation. Fig. 4 represents the cumulative distribution of a batch of 2000 simulations. Here, the opamp gain was fixed and set to 80 dB. The resolution was determined as the worst-case end-point nonlinearity. (13) This equation shows that for two-stage calibration, the interstage gain error results only in an input-referred gain error, but not in nonlinearity. Therefore, correction of the interstage gain error is not necessary.
